Reduced relaxation time between contractions in exercise requires increased vasodilatation and/or pressor response to prevent hypoperfusion and potential compromise to exercise tolerance. However, it remains unknown whether and to what extent local vasodilatation and/or systemic pressor compensation occurs and whether the efficacy of compensation is exercise intensity dependent. r What is the main finding and its importance?
Introduction
During small muscle mass exercise where cardiac pumping capacity is not limiting, the relationship between metabolic demand and oxygen delivery (O 2 D) appears linear up to maximal work rates (Andersen & Saltin, 1985; Richardson et al. 1993) . This results from a predominantly vasodilatory response for exercise intensity up to approximately the heavy intensity domain, after which there appears to be an increasing pressor response contribution (Mortensen et al. 2008) .
One approach used to gain insight into vasodilatory and pressor mechanisms involved in matching the exercising muscle O 2 D to demand has been to challenge O 2 D, which therefore requires greater vasodilatory or pressor responses to maintain matching. Challenges have included reducing arterial oxygen content (Gonzalez-Alonso et al. 2001) , compromising muscle blood flow by reducing local arterial perfusion pressure (limb elevation above heart level; Walker et al. 2007; Bentley et al. 2014) or partial occlusion of arterial blood supply by external artery compression (O'Leary & Sheriff, 1995) or internal obstruction (balloon catheter inflation; Casey & Joyner, 2009b) . Findings from such studies vary, with evidence existing for complete (Gonzalez-Alonso et al. 2001) , partial (Casey & Joyner, 2009b) and absent (Walker et al. 2007; Bentley et al. 2014 ) vasodilatory compensation coupled with no contribution of a pressor response to any of these, but other evidence existing to indicate pressor response compensation dependent on the exercise intensity and/or the magnitude of blood flow compromise (O'Leary & Sheriff, 1995) .
In exercise consisting of rhythmic skeletal muscle contractions, it is well established that most of the blood flow occurs during relaxation between contractions, because microvascular compression with contraction significantly impedes blood flow (Osada et al. 2015) . Therefore, rhythmic exercise with reduced percentage relaxation time at a given metabolic demand would compromise the matching of O 2 D to demand should compensatory vasodilator and/or pressor responses be inadequate. Human models have documented compromised exercise hyperaemia in knee-extension exercise with increased frequency of contraction resulting in reduced relaxation time per duty cycle above 33% of peak exercise power output (Hoelting et al. 2001) . In contrast, others have observed increased exercise hyperaemia with more contractions per minute in knee-extension exercise (Ferguson et al. 2001; Richards et al. 2012) . Importantly, these investigators reported oxygen uptake (V O 2 ) and muscle blood flow and found higherV O 2 at the same power output with more contractions per minute such that the blood flow-to-V O 2 ratio was the same at both contraction rates. This is consistent with previous literature indicating thatV O 2 is increased at a given power output with higher contraction frequency (Zoladz et al. 2000; Barker et al. 2006) . However, none of these studies was designed to assess compensatory vasodilatory or pressor responses that would be required to overcome the effects of reduced relaxation time. At present, it remains unknown whether vasodilatory or pressor responses defend the matching of O 2 D to demand and to what extent they are effective.
Therefore, the purpose of the present study was to determine the nature and magnitude of vasodilatory and/ or pressor compensatory responses in the face of a duty cycle with decreased percentage relaxation time during forearm exercise, and whether the effectiveness of such compensation was exercise intensity dependent. We hypothesized that if there was compensation at low to moderate exercise intensities, it would be a vasodilatory rather than a pressor compensation and it would effectively defend O 2 D-demand matching. Given the exercise intensity dependence of the metaboreflex pressor response, we hypothesized that a pressor compensation would add to vasodilatory compensation at higher exercise intensities. However, regardless of the mechanism of compensation, effectiveness would diminish with increasing exercise intensity as vasodilatory reserve was approached.
Methods

General methods
Ethical approval. This study was approved by the Health Sciences Research Ethics Board (approval no. 6005158 PHE-036-02) at Queen's University according to the terms of the Declaration of Helsinki. Procedures followed were in accordance with institutional guidelines. Each participant provided signed consent after receiving complete verbal and written descriptions of the experimental protocol and potential risks. Mechanical impedance and skeletal muscle perfusion Participants. Seven healthy, recreationally active male participants (age 21 ± 1.8 years, height 181 ± 4 cm, weight 81.3 ± 11.4 kg) with no history of smoking, cardiovascular disease, hypertension or specific forearm training, such as racquet ball or squash, participated. All participants were screened to ensure valid brachial artery blood flow measurements could be obtained. It was confirmed that all participants avoided exercise for 24 h, caffeine for 12 h and food consumption for 4 h before their laboratory visits.
Instrumentation
Forearm deep venous blood sampling. An ß 3 cm, 20-gauge I.V. catheter was inserted retrograde to venous blood flow into the antecubital vein. Confirmation that the selected vein drained the active forearm muscle was obtained via Echo ultrasound imaging before catheterization. This provided blood samples of venous effluent from the exercising muscle without contamination from inactive tissues.
Arterialized venous sampling. Arterialized venous samples to estimate arterial lactate concentration ([La − ]) were obtained once at rest from a superficial vein of the hand in the same fashion as Wiltshire et al. (2010) and immediately analysed with a blood gas analyser (StatProfile M Blood Gas Analyzer; Nova Biomedical, Mississauga, ON, Canada). The minimal accepted value of oxygen saturation was 90% to confirm arterialization of the sample. If at least 90% was not obtained, the heating process was repeated and another sample obtained.
Forearm blood flow (FBF). A 4 MHz pulsed flat Doppler probe (model 500V 131 Transcranial Doppler; Multigon Industries, Mt Vernon, NY, USA) was attached to the skin over the brachial artery proximal to the antecubital fossa of the exercising arm to measure brachial artery blood velocity after the optimal location for the ultrasound signal was determined. A linear echo ultrasound probe, positioned over the brachial artery ß5 cm proximal to the flat Doppler probe, operating at 10 MHz in twodimensional B-mode (Vingmed System Five; GE Medical Systems, London, ON, Canada), was used to image the diameter of the brachial artery of the exercising arm.
Central haemodynamic measures. A three-lead ECG with electrodes attached to the skin in standard CM5 placement was used to measure heart rate. A finger photoplethysmograph (Finometer MIDI; Finapres Medical Systems, Amsterdam, The Netherlands) on the middle finger of the non-exercising hand was used to measure arterial blood pressure and provide estimates of stroke volume and cardiac output via ModelFlow ۚ (Finapres Medical Systems). Finally, a pulse oximeter (Nellcor N-395; Covidien-Nellcor, Boulder, CO, USA) was placed over the index finger of the resting hand and used to confirm stable pulse oxygen saturation (S pO 2 ) during exercise.
Experimental design
This was a within-participants repeated-measure design, in which all participants performed one progressive exercise test to exhaustion for each of two experimental conditions. The order of experimental conditions was counterbalanced across subjects to prevent an order effect. Exercise tests were performed on different days separated by at least 24 h. Data collection for each participant occurred at the same time of day to limit potential effects of natural circadian rhythm fluctuations, although the time of day varied between participants.
Forearm hand-grip exercise. Subjects performed rhythmic isometric hand-grip contraction with a 2 s contraction-4 s relaxation duty cycle (0.33) using a hand-grip dynamometer. The participants lay supine on a bed with their left and right arms horizontal at heart level. The experiment was performed in a temperature-controlled room (19-21°C) to minimize and stabilize blood flow to the skin so that brachial artery blood flow to the forearm would reflect changes in exercising forearm muscle blood flow. Participant contraction-relaxation timing and force production were guided by visual force output and metronome cues. The exercise consisted of incremental step increases in contraction force equivalent to lifting 2.5 kg (24.5 N) every 3 min until participant exhaustion (inability to achieve the target hand-grip force on three consecutive attempts despite strong encouragement).
Simulating reduced percentage relaxation time within duty cycles. To mimic the mechanical effects of a shortened relaxation time without the confounding effect on metabolic demand when using increased duration of contractions (see 'Experimental considerations' section), we positioned an inflatable cuff around the forearm muscles that were performing the exercise and inflated it to 100 mmHg during muscle contraction of each duty cycle for our control (CON) conditions but extended cuff inflation for an additional 2 s in the impedance (IMP) conditions (Fig. 1) . This changed the mechanical impedance-free flow duty cycle to 0.66 (4 out of 6 s) via forearm microvascular compression. We refer to the period of free flow in both conditions as 'relaxation' time. Manipulation of relaxation time within a duty cycle without changing the duration of contraction allowed us to avoid the fatal confound of altering metabolic demand.
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Data acquisition and analysis
At baseline (BLN) and during the last 30 s of each completed exercise intensity, data were collected for all blood constituents, forearm haemodynamic and central haemodynamic variables.
Forearm venous oxygen content (C vO 2 ) and venous lactate. Forearm venous blood samples were taken at BLN and during the last 30 s of each exercise intensity and subsequently analysed with a blood gas analyser (StatProfile M Blood Gas Analyzer; Nova Biomedical).
Forearm blood flow. Forearm blood flow was derived from the combined brachial artery diameter and mean blood velocity (MBV) measurements. This technique is described in detail by Bentley et al. (2014) . In brief, brachial artery images were stored in a Digital Imaging and Communications in Medicine (DICOM) format on a separate computer and analysed using automated edge-detection software. The voltage output from the 4 MHz flat Doppler probe was sampled continuously at 200 Hz (Powerlab; ADInstruments Inc., Bella Vista, NSW, Australia) and stored (Chart 4 for Windows; ADInstruments Inc.) on a computer for analysis. Doppler insonation angle was corrected for by imaging the angle of the artery relative to the skin.
Central haemodynamics. All central haemodynamic measurements derived from ECG (heart rate), finger photoplethysmography (forearm arterial perfusion pressure) and pulse oximetry (arterial oxygen saturation) were obtained from an average of the last 30 s of BLN and each completed exercise intensity. forearm vascular conductance (FVC Virtual ) was calculated as FBF/MAP × 100 mmHg, and forearm vascular conductance during relaxation between contractions (FVC Relax ) was calculated as FBF Relax /MAP × 100 mmHg. The FVC Virtual is measured across contraction-relaxation cycles and represents the combined effect of muscle contraction-induced mechanical impedance and enhancement of blood flow and vascular conductance and therefore does not represent a true vascular conductance (Walker et al. 2007) . In order to quantify the true vasodilatory response, FVC Relax was calculated using the FBF and MAP during the phase of the duty cycle without muscle contraction or cuff inflation, as has been established previously by researchers in our laboratory (Walker et al. 2007 ). The arterial oxygen content (C aO 2 ) was calculated from (S pO 2 × [Hb] × 1.34) + 0.003 × P aO 2 , where S pO 2 is pulse haemoglobin saturation (fraction), [Hb] is haemoglobin concentration (in grams per millilitre) in the blood, 1.34 is the mean volume of O 2 that can be bound to 1 g of normal Hb when fully saturated, 0.003 is the solubility of O 2 in human plasma and P aO 2 is the partial pressure of O 2 in the arterial blood. The P aO 2 was assumed to be 100 mmHg. The values obtained from the venous blood sample allowed for the calculation of C vO 2 . TheV O 2 was calculated using the Fick equation as FBF × (arteriovenous O 2 difference). The O 2 D was calculated from FBF × C aO 2 .
Data interpolation
In order to make comparison between CON and IMP and assess relative exercise intensity dependence (i.e. as a percentage of peak aerobic exercise capacity identified in the CON condition incremental exercise test), the following approach was used within each subject's data. Each absolute work rate was identified as a percentage of the peak work rate achieved in CON and expressed as such. For example, if a subject's peak exercise achieved in CON was 196 N, then 147 N would represent 75% of CON peak. Given that subjects differed in their absolute peak exercise achieved in CON, what a given absolute work rate represented in terms of a percentage of CON peak also varied between subjects. In order to compare across all subjects at a specific percentage of CON peak, a linear interpolation between two real work rates encompassing the specific percentage of CON peak was performed. For example, if 24.5 N represented 8% of a subject's CON peak and 49 N therefore represented 16%, a linear interpolation between these two data points provided the 10% CON peak value for this subject.
As peak exercise was compromised in the IMP conditions, this meant that as 100% CON peak was approached in IMP, it was likely that an exercise intensity would be reached where a subject did not have data for the IMP conditions at this intensity (for example, no value in IMP at the 90% CON peak exercise intensity). In the present study, all seven participants completed up to 60% of CON peak, and six participants completed work rates allowing interpolation for 70 and 80% of CON peak.
Statistical analysis
Two-way repeated-measures ANOVA. A two-way repeated-measures analysis of variance (2RMANOVA) was used to test for main effects of cuff inflation and exercise intensity as well as an interaction effect for all blood constituents, forearm haemodynamic and central haemodynamic variables using all seven participants who had a response for both IMP and CON up to 60% CON peak. Owing to attrition of one participant beyond the 60% CON peak exercise intensity, a separate 2RMANOVA from 10 to 80% was performed on six participants. This approach is explained by Bentley et al. (2014) .
Student's paired t test. Student's paired t test was used to test whether the exercise end-points for each variable (peak exercise intensity, peak O 2 D etc.) were different between CON and IMP.
The level of significance was set at P < 0.05. Only significant interactions for the 2RMANOVA were assessed further using Tukey's post hoc tests. All statistics were calculated using SigmaPlot 12.0 (Systat Software, Inc.; San Jose, CA, USA). All results are presented as the mean change ( ) from BLN ± SD unless otherwise noted.
Results
Absolute values for all BLN haemodynamic variables are presented in Table 1 . All variables were similar between conditions at BLN (P > 0.05). As intended, there was no difference between experimental conditions (P = 0.6) for work rate at any of the work rates.The effect of the increased duration of mechanical impedance can be seen in Fig. 2 . These data are from a representative participant, in whom we can see prolonged impedance to mean blood velocity in IMP conditions during cuff inflation (where cuff inflation represents 66% of the duty cycle) compared with CON (where cuff inflation represents 33% of the duty cycle). The MBV during the shorter relaxation period in IMP was greater than in CON, demonstrating a compensatory effect when faced with this challenge.
Compressive effects of muscle contraction and cuff inflation on muscle blood flow
Given that C aO 2 does not change with exercise, FBF responses, which are indicative of O 2 D, are presented. To quantify the compressive effects of muscle contraction and cuff inflation on FBF, we partitioned the sudden mechanical compression-induced retrograde flow and sustained impedance-induced reduced anterograde arterial flow in our analysis. We observed that at the onset of muscle contraction, the immediate and combined effects of muscle contraction and rapid cuff inflation on FBF, averaged across all exercise intensities, were not different between CON and IMP (−77 ± 22 versus −73 ± 20 ml min −1 , P = 0.7). The continued compressive effects of cuff inflation alone, without the onset of muscle contraction in CON, blunted FBF to an average of 36 ± 21 ml min −1 . This was not different from the continued compressive effects of cuff inflation in the absence of contraction in IMP (43 ± 21 ml min −1 , P = 0.2).
The effect of decreased 'relaxation' time on central and peripheral haemodynamics
The mechanical effects of impedance on FBF varied throughout exercise up to 60% (P < 0.001) and 80% (P < 0.001). There was a significant interaction effect on FBF [P < 0.001 for 10-60% analysis (n = 7) and P < 0.001 for 10-80% analysis (n = 6)]. In IMP, FBF was not different from CON at 10% (P = 0.5), 20% (P = 0.2) and 30% (P = 0.07). Beginning at the 40% relative exercise intensity, FBF was reduced in IMP compared with CON up to 80% (all P < 0.002; Fig. 3 ). An interaction was also present for FVC Virtual up to 60% (P < 0.001) and 80% (P < 0.001), with FVC Virtual significantly reduced beginning at 30% until 80% (all P < 0.015) in IMP. There was no difference in the pressor response up to 60% (P = 0.6) and 80% (P = 0.2; Fig. 3 ). Both FBF (538 ± 116 R. F. Bentley and others versus 341 ± 67 ml min −1 , P = 0.02) and FVC Virtual [450 ± 144 versus 376 ± 71 ml min −1 (100 mmHg) −1 , P = 0.02] at exhaustion were greater in CON. Throughout CON and IMP exercise conditions, there was an increase in cardiac output (both P < 0.001), an increase in heart rate (both P < 0.001) and a gradual decline in stroke volume (both P < 0.001). However, the relative changes in cardiac output (P = 0.85), heart rate (P = 0.7) and SV (P = 0.7) were not different between conditions (data not shown).
Indication of compensatory vasodilatation
Mechanical compression affected the degree of compensatory vasodilatation differently across relative exercise intensities up to 60% (P = 0.007) and 80% (P < 0.001). The FVC Relax was not different at 10% (P = 0.2), but was greater in IMP than in CON up to 80% (all P < 0.02). The FVC Relax was not different at exhaustion between CON and IMP [708 ± 192 versus 865 ± 217 ml min −1 (100 mmHg) −1 , P = 0.07]. Additionally, FBF Relax was also affected by relative exercise intensity up to 60% (P < 0.001) and 80% (P < 0.001). The FBF Relax was greater in IMP compared with CON beginning at the 20% relative exercise intensity (all P < 0.01) up to exhaustion (1031 ± 193 versus 865 ± 155 ml min −1 ; Fig. 4 ). This compensatory vasodilatation was enough to protect mean FBF at lower exercise intensities, but insufficient to overcome the effects of a reduced duration of relaxation time at higher exercise intensities.
Metabolic implications and oxygen consumption
Despite reduced FBF (Fig. 3 ) in IMP compared with CON beginning at the 40% relative exercise intensity, the change in venous-arterial lactate difference [ (v-a) La − diff] was not different up to 60% (P = 0.1) or at exhaustion (4.3 ± 1.2 versus 3.5 ± 1.5 mmol l −1 , P = 0.16). However, (v-a) La − diff was greater at 80% in IMP (P = 0.03). The compromise to FBF did not translate into impairment inV O 2 up to 60% (P = 0.6) or 80% (P = 0.8), despite a change in arteriovenous oxygen difference [ (a-v) O 2 diff] that was not different in both conditions (60%, P = 0.3 and 80%, P = 0.1 ; Fig. 5) ; however, peak V O 2 was reduced in IMP (46 ± 11 versus 62 ± 13 ml O 2 min −1 , P = 0.04).
The impact on peak exercise capacity and peak O 2 D
AlthoughV O 2 at a given completed exercise intensity was not affected by an increase in the duration of mechanical impedance, the peak work rate was reduced in IMP versus CON (175 ± 22 versus 196 ± 28 N, P = 0.04). This meant that peak O 2 D was also significantly reduced in IMP versus CON (76 ± 14 versus 112.0 ± 22 ml O 2 min −1 , P = 0.01; Fig. 6 ).
Discussion
Everyday skeletal muscle activity in which the relative contraction versus relaxation time of a duty cycle is increased at the same metabolic demand represents a matching, there was a reduction in the peak work rate achieved. Collectively, these findings are consistent with our hypothesis that vasodilatation is the sole compensatory mechanism at lower work rates in this type of small muscle mass exercise, but its effectiveness diminishes with increasing work rates despite a vasodilatory reserve being available. However, the findings do not support the hypothesis that there is an increasing and effective pressor response compensation at higher work rates. 
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Furthermore, the observation that the peak work rate achieved was compromised when duty cycle relaxation time was reduced even thoughV O 2 at any completed work rate was not compromised is consistent with an exercise performance sensitivity to accumulated compromise in O 2 D-demand matching over the course of incremental increases in work rate.
Local vasodilatory compensation versus a metaboreflex pressor compensation in small muscle mass exercise
In treadmill-exercising dogs, graded terminal aortic occlusion during exercise has been applied to challenge O 2 D, revealing a compensatory metaboreflex-induced pressor response, which partly restores perfusion (O'Leary & Sheriff, 1995) . Importantly, this 'flow-restoring' pressor response appears to have a threshold in that a given flow compromise will activate the response at high but not low intensity exercise (Wyss et al. 1983; Sheriff et al. 1987; O'Leary & Sheriff, 1995) . In contrast, human studies with small muscle mass exercise have typically observed a compensatory vasodilatory response as opposed to a pressor response to restore or partly restore blood flow (Wright et al. 1999; Gonzalez-Alonso et al. 2001; Casey & Joyner, 2009b) . This compensatory vasodilatation is observed in response to various O 2 D challenges, including reductions in perfusion pressure (Wright et al. 1999) , intra-arterial balloon inflation-induced hypoperfusion (Casey & Joyner, 2009b) and reduced arterial oxygen content concentrations (Gonzalez-Alonso et al. 2001) . However, it is important to note that the exercise intensities investigated in these studies were in the mild to moderate range, and therefore a pressor response compensation would not necessarily be expected given its intensity-sensitive response threshold.
In the present study, we addressed this exercise intensity limitation of previous work by creating a challenge to exercising muscle O 2 D across a range of exercise intensities up to and including maximal exercise. At the lower exercise intensities, where vasodilatory compensation prevented a compromise to O 2 D, no pressor compensation was evident. This is not surprising, as the vasodilatory protection of muscle perfusion would have prevented an increase in the metabolite stimulus for type III and IV metaboreflex afferents. As exercise intensity increased to greater than ß59% of IMP exercise capacity and vasodilatory compensation was no longer able to defend muscle perfusion, there was still no evidence of any functionally significant pressor compensation in IMP beyond the observed pressor response of CON.
In summary, in conditions of progressively increasing exercise intensity, and with partial vasodilatory compensation limiting the muscle perfusion compromise, it does not appear that activation of a compensatory pressor response plays a role in defending exercising muscle O 2 D even at near maximal exercise intensities. Rather, our findings are consistent with vasodilatation being the only compensatory response. It is important to note that previous investigations in animal models demonstrated a pressor response following a reduction in flow by up to 40% (O' Leary & Sheriff, 1995) . Human models with flow compromises of 45% in the forearm demonstrated vasodilatory compensation (Casey & Joyner, 2009b ). In our model, we reduced flow by an average of 22% up to 30% relative intensity and by an average of 42% from 40 to 80% relative intensity. Similar to Casey & Joyner (2009b) , vasodilatation occurred without a pressor response. Therefore, we propose that in their study and ours either the initial flow compromise was not enough to stimulate a pressor response or compensatory vasodilatation prevented an adequate stimulus for a pressor response in both models. Hypoperfusion models (Casey & Joyner, 2009b , 2011b have demonstrated that compensatory vasodilatation during moderate intensity exercise is mediated in part by NO (ß20%; Casey & Joyner, 2009a) and adenosine (ß19%; Casey & Joyner, 2011a) , whereas prostaglandins are not obligatory (Casey & Joyner, 2011c) . The red blood cell acting as an oxygen sensor would appear to be a prime candidate for compensatory vasodilatation given the impairment to flow at a fixed metabolic demand (Dietrich et al. 2000; Ellsworth, 2000; González-Alonso, 2012) . In the present study, we measured the oxygen saturation of venous effluent and found no differences at any work rate between conditions. It may be that our sampling approach is not sensitive enough to detect changes in the microvasculature that could evoke the red blood cell oxygen-sensing response. Measurements of ATP and NO at the microvascular level could shed light on this issue, but were not possible in the present study. Another potential contributor according to the metabolic autoregulatory hypothesis is the production and release of vasodilatory metabolites from the active skeletal muscle in proportion to metabolic demand (Murrant & Sarelius, 2000) . With compromised perfusion at a given metabolic demand, it is possible that the bioavailability of vasodilatory metabolites is increased, leading to increased vasodilatation. Potential candidates include NO, adenosine (Casey & Joyner, 2009a , 2011a (McCarron & Halpern, 1990 ). Finally, a mechanism that might be specific to the nature of the impairment to flow in our study could be mechanical compression-evoked vasodilatation. Both the frequency of compression in rat feed arteries (Clifford et al. 2006) and the duration of compression in human forearm have been shown to elicit vasodilatation (Kirby et al. 2007) . It is therefore plausible that the additional duration of the mechanical impedance in the IMP conditions (a total of 4 s, compared with 2 s in CON) might have contributed to compensatory vasodilatation. Whether this is the case and whether its contribution differs with exercise intensity remain to be determined.
Our observation of complete compensation at lower exercise intensities, but inadequate compensatory vasodilatation at higher, but still submaximal, work rates where vasodilatation was still well below maximal capacity needs to be considered within the current understanding of vasoregulatory control of exercising muscle O 2 D. Our experimental model allowed us to isolate the effect of a mechanical duty cycle impairment to O 2 D without altered muscle activation or metabolic demand. The difference in effectiveness of such mechanisms for preventing O 2 D compensation at lower versus higher oxygen demand has not previously been considered in our attempts to understand them. Although our study cannot address specific mechanisms in the context of exercise intensity, it attests to the need for their investigation across exercise intensities.
Impact of mechanical flow impairment on metabolic response and exercise performance
In the present study, reductions in O 2 D in IMP resulted in an impairment in exercise performance. This is expected and consistent with the role of oxygen in muscle fatigue (for review, see Hepple, 2002) even whenV O 2 is not compromised as was the case across all work rates. However, the peak work rate achieved was reduced. This compromise to peak work rate without compromise toV O 2 across work rates below peak could reflect an increased fatigue progression during progressive increases in work rate in conditions of compromised O 2 D, consistent with the findings of Hogan et al. (1999 (Spriet et al. 2000) . It is also possible that the increased (v-a) La − diff could be a function of reduced washout with hypoperfusion. Inadequate removal of fatigue-evoking molecules has previously been identified as a contributor to fatigue independent of O 2 D (Barclay, 1986) . Regardless, both mechanisms are perfusion dependent and would be consistent with an accumulated hypoperfusion effect on fatigue in IMP that limits exercise capacity.
Experimental considerations
In the present study, we used forearm cuff inflation to extend the mechanical effects of contraction during a duty cycle to eliminate the fatal confounding effect of contraction duration onV O 2 . To elaborate; if we were to compare different contraction duty cycles at the same time tension integral (TTI), the literature consistently demonstrates a reduced oxygen cost for longer duration contractions because the percentage of the TTI during increased ATP demand (contraction onset) is less than for shorter duration contractions (Russ et al. 2002; Hamann et al. 2005) . Given that blood flow responses follow metabolic demand rather than TTI (Hamann et al. 2005; Richards et al. 2012) It may be argued that superimposed cuff inflation adds its own compression mechanism effects to the hyperaemic response, and therefore is not a valid representation of normal exercise. To ensure that superimposed cuff inflation was not altering exercise hyperaemia compared with contractions without cuff inflation, we performed pilot work in four individuals, in which we quantified relaxation phase brachial artery MBV during steady-state submaximal exercise [30% maximal voluntary contraction (MVC); 2 s contraction-4 s relaxation duty cycle] for periods where there was versus where there was not superimposed cuff inflation. During the steady state with no changes in brachial artery diameter, MBV comparisons between conditions represent comparisons of blood flow. Student's paired t test revealed that superimposed cuff inflation on muscle contraction did not affect the relaxation MBV versus muscle contraction alone (38.9 ± 4.0 versus 39.0 ± 3.9 cm s −1 , P = 0.95). This supports the cuff inflation model as being no different from normal contractions, and therefore our findings are representative of exercise without superimposed cuff inflation.
To ensure that the effects of mechanical compression were of the same nature in IMP and CON, we superimposed the cuff inflation [100 mmHg; equivalent to contraction at ß34% MVC (Sadamoto et al. 1983) ] during contraction so that the only difference between conditions was the duration of cuff inflation. Our approach produced flow impairments consistent with McNeil et al. (2015) , who demonstrated that abolition of flow does not occur even at 100% MVC (which is contrary to Sejersted et al. 1984; Wesche, 1986; Sjøgaard et al. 1988; Vøllestad et al. 1990) . In fact, in the study by McNeil et al. (2015) , vasodilatation during sustained isometric contraction increased blood flow even during sustained isometric contractions up to at least 80% MVC. Consistent with this, we observed increased blood flow during periods of contraction with compression and periods of compression only with increasing exercise intensity.
Another consideration is the potential for the small number of subjects to prevent detection of physiologically meaningful differences in the pressor response between conditions. However, the difference in the mean pressor response between CON and IMP from 60 to 80% was only 3.4 ± 7.4 mmHg. The important consideration is whether this minor pressor difference is physiologically relevant, and the answer is that the resulting effect on perfusion protection would have been functionally insignificant regardless of being statistically significant.
Finally, to quantify metabolism we obtained venous effluent samples from a single venous site. This method has been used previously and published by researchers in our laboratory (Bentley et al. 2014 ) and other laboratories (Mottram, 1955; Joyner et al. 1992; Hughson et al. 1996) . Crucial to note is the fact that this was a within-subject design, and we catheterized in the same place in each experiment. Therefore, a comparison of response between mechanical impedance conditions is highly unlikely to be confounded by venous sampling site.
Perspectives and significance
An increase in the duty cycle ratio of contraction to relaxation reduces the unimpeded blood flow period, during which the bulk of blood flow to exercising muscle occurs. This requires a greater response of the mechanisms matching O 2 D to demand, be they vasodilatory or pressor in nature, to prevent hypoperfusion. Therefore, the duty cycle nature of rhythmic contractions has the potential to compromise exercising muscle O 2 D for a given metabolic demand and thereby affect exercise performance/tolerance (Eiken & Bjurstedt, 1987; Hogan et al. 1994; Amann et al. 2006; Romer et al. 2007) unless the mechanisms responsible for matching O 2 D to demand can compensate. Although the implications of our findings must be restricted to the young healthy participants we investigated, to small muscle mass exercise and to the specific duty cycle ratio challenge we posed, the results demonstrate, for the first time, that the effectiveness of vasodilatory compensation can be inadequate at higher exercise intensities despite adequate vasodilatory reserve, and that a pressor response does not contribute to compensation in this exercise model. This inadequate compensation has functional implications because it compromises exercise performance, pointing to the importance of considering the ratio of contraction to relaxation as a determinant of performance or tolerance in small muscle physical activities.
With regard to the current understanding of O 2 Ddemand matching, our findings indicate that the nature of the mechanisms responsible allow for increased error (degree of hypoperfusion) to remain during exercise when greater response is required. This occurs despite having a functional vasodilatory reserve and despite the ensuing development of compromise to muscle contractile function. This speaks to the need for re-examination of the perceived 'tightness' of matching of O 2 D to demand and the mechanisms responsible, given that something as simple as the duty cycle ratio can compromise this matching, at least at higher exercise intensities.
